ABSTRACT Do disturbed habitats along highway rights-of-way encourage the establishment and spread of the red imported Þre ant, Solenopsis invicta Buren, in Texas? The objective of this study was to determine if highway rights-of-way harbored S. invicta populations that were signiÞcantly different from those in adjacent pastures. Data on S. invicta populations were collected from three transects along highways within S. invicta-infested areas of Texas. One northÐsouth transect, a southern eastÐwest transect, and a northern eastÐwest transect were established in Texas and extended 1,678 km. Twenty-eight sites, Ϸ80 km apart along transects, were visited between 14 May and 1 June 1996. Numbers of S. invicta mounds, mound vitality ratings, ants collected in bait cups, and vegetative characteristics were measured in rights-of-way and in adjacent pastures at each site. No signiÞcant differences in pooled (n ϭ 28) mean numbers or vitality of S. invicta mounds were detected in rights-of-way as compared with those of adjacent properties. However, signiÞcantly more S. invicta colonies than expected were found on roadbeds (Յ1.0 m from paved surfaces) as compared with the remainders of rights-of-way and to adjacent pastures. Roadbed colonies were also smaller, which suggested that colonies were more recently founded than in the remainders of rights-of-way. Mound population densities and numbers of ants in bait cups were not well correlated with vegetative characteristics measured in this study. In Texas where S. invicta is well established, S. invicta is in a population equilibrium between highway rights-of-way and adjacent pastures. However, highway roadbeds may offer an early successional habitat for S. invicta colonies and may require special survey and pest management attention, especially along the frontiers of infestation in Texas.
THE RED IMPORTED Þre ant, Solenopsis invicta Buren, has many of the ecological characteristics of a "weedy" species in North America and is capable of exploiting early successional communities (Tschinkel 1986 ). The weed-like properties of S. invicta populations include effective means of dispersal and colonization, high reproductive rate, rapid colony growth, and exploitation of ecologically disturbed habitats.
Solenopsis invicta was more common along paved roadways, mowed margins of paved roads, and margins of graded dirt roads in northern Florida than was the native, tropical Þre ant, Solenopsis geminata (F.), and high soil disturbance favored S. invicta populations (Tschinkel 1988) . Pastures, clear-cut and replanted forests, margins of seasonal ponds, and along vehicle tracks had large S. invicta populations. Populations of S. invicta along state and federal roads in Florida were similar to populations along county roads (Porter et al. 1997) . Porter et al. (1992) surveyed roadsides in Brazil and in the southeastern United States and found no signiÞcant correlations between S. invicta mound population densities and several habitat and environmental variables. For example, mound densities and grass height were not well correlated within either country, even though grass was generally not mowed in Brazil and was about twice as tall as in the United States. Mound population densities in the United States were almost nine times greater than in Brazil, partly because no polygynous colonies were found in Brazil.
Additional studies by Porter et al. (1997) compared S. invicta population densities in several habitats along paved highways in Argentina, Brazil, and in several southern U.S.A. states (Florida, Georgia, Alabama, and Texas) . The number of mounds per ha in the United States was almost four times greater than that in South America, and mounds were signiÞcantly larger in volume. Based on total volume (m 3 ) of mounds per hectare, S. invicta population densities in the United States were 5.3, 6.1, and 6.5 times greater in roadsides, grazed lands, and lawns, respectively, than in South America (Porter et al. 1997) . Population densities in grazed areas were similar to those along roadsides. Furthermore, ant population densities were not well correlated with either precipitation or temperature. Intercontinental differences in S. invicta abundance were primarily attributed to competition from other ants and effects of natural enemies. Porter et al. (1991) surveyed 718 roadside sites in 168 Texas counties for presence of monogyne and polygyne S. invicta colonies. Mound population densities along the edges of roads were not signiÞcantly different from those along the outer borders of mowed, right-of-way areas. Also, gross differences in solar insolation resulting from changes in road direction did not affect S. invicta mound densities along Texas roadsides. Several factors, including height of grass along road rights-of-way, were not well correlated with mound population densities. Porter et al. (1991) concluded that S. invicta was naturally dense along roadsides because of an "edge effect." In an urban setting, S. invicta colonies survived winter conditions better when mounds were located against roadside, concrete curbs or against walls that allowed solar insolation and subsequent higher soil temperatures (Thorvilson et al. 1992) .
Highway shoulders and rights-of-way may be ideal S. invicta habitats because sites are disturbed lands with abundant food supply, particularly dead insects (Vinson and Sorensen 1986) . Clearing of highway rights-of-way and continued disturbance by mowing and maintenance activities may provide habitats for S. invicta establishment and dispersal.
The Texas Department of Transportation (TxDOT) was concerned that their activities along highway rights-of-way encouraged the spread and establishment of S. invicta in Texas. The objective of this study was to determine if highway rights-of-way harbored S. invicta population densities that were signiÞcantly different from those of adjacent pastures. SigniÞcantly greater S. invicta population densities in rights-of-way may indicate that rights-of-way are sources of S. invicta infestation for adjacent properties and may be potential dispersal corridors for continued S. invicta spread in Texas.
Materials and Methods
Red imported Þre ant populations in Texas were evaluated along three transects that crossed habitat, geographic, and environmental gradients and extended through areas where S. invicta had been established for various periods. Transects followed state-maintained highways that traversed diverse vegetational areas of Texas (Hatch and Pluher 1993) and were surveyed during May and June 1996. Highways were of similar size, trafÞc intensity, and maintenance regimes. Sites were evaluated along each transect at Ϸ80-km intervals (Fig. 1) . The north-south transect extended 645 km from north of Paris, TX, on Highway 271 southward along Highways 19, 69, 59 , and 288 to north of Lake Jackson, TX. The southern east-west transect stretched 636 km from China, TX, on Highway 90 westward along Highway 290 through Brenham, Giddings, Elgin, Austin, and Fredericksburg, and to south of Junction, TX, on Highway 377. The northern east-west transect extended 397 km from west of Texarkana on Highway 67, westward through Omaha, Mount Vernon, and Greenville, and along Highway 380 through Denton, Decator, and Runaway Bay. Eleven sites were evaluated along the north-south transect, 10 sites along the southern east-west transect, and seven sites along the northern east-west transect. Sites were identiÞed using both mileage details and global positioning equipment (Geo Explorer, Trimble Navigation Limited, Sunnyvale, CA) ( Table 1) . 29Њ 06' 16.22"N 9 5 Њ 27' 12.16"W Southern east-to-west 1 3 0 Њ 03' 28.50"N 9 4 Њ 15' 23.87"W 2 3 0 Њ 00' 42.90"N 9 4 Њ 56' 03.10"W 3 3 0 Њ 00' 39.90"N 9 5 Њ 48' 03.50"W 4 3 0 Њ 10' 14.70"N 9 6 Њ 26' 41.69"W 5 3 0 Њ 10' 57.00"N 9 7 Њ 01' 18.26"W 6 3 0 Њ 21' 03.15"N 9 7 Њ 30' 14.00"W 7 3 0 Њ 11' 47.54"N 9 8 Њ 00' 03.59"W 8 3 0 Њ 13' 17.20"N 9 8 Њ 42' 47.50"W 9 3 0 Њ 17' 47.60"N 9 9 Њ 24' 22.70"W 10 30Њ 27' 18.30"N 9 9 Њ 48' 17.50"W Northern east-to-west 1 3 3 Њ 23' 06.00"N 9 4 Њ 12' 16.00"W 2 3 3 Њ 11' 16.00"N 9 4 Њ 47' 00.00"W 3 3 3 Њ 10' 52.20"N 9 5 Њ 20' 42.80"W 4 3 3 Њ 09' 00.60"N 9 6 Њ 15' 30.90"W 5 3 3 Њ 13' 13.80"N 9 6 Њ 55' 25.60"W 6 3 3 Њ 13' 52.15"N 9 7 Њ 36' 57.80"W 7 3 3 Њ 09' 51.20"N 9 7 Њ 53' 07.90"W Sites were selected for similarity of habitats between rights-of-way and adjacent lands to provide uniformity for statistical analyses. Adjacent lands were typically grassland pastures that were immediately adjacent to rights-of-way and outside the maintenance regime of the TxDOT. Urban areas, parking lots, lawns, and recreational areas were avoided. At each site, the highway right-of-way was one sampled treatment, and an adjacent pasture was the second treatment.
At each site, numbers of S. invicta mounds were determined in the right-of-way and in the adjacent pasture by surveying three 0.10-ha plots in each habitat (treatment). Pasture and right-of-way mounds were rated for vitality following Harlan et al. (1981) ; and for statistical purposes, ratings were converted to the weighted system of Lofgren and Williams (1982) . Mean numbers of S. invicta mounds and mean mound vitality ratings in each treatment at each site were calculated. Comparisons of data between the two treatments within each site were made using StudentÕs t-tests (critical level, P ϭ 0.05). Pooled data within each transect and of all sites (n ϭ 28) were analyzed by two-way analysis of variance (ANOVA). Data among transects within treatments were explored with one-way ANOVA (critical P value ϭ 0.05) and least signiÞcant differences (LSD). Analyses were done using StatWorks: Statistics with Graphics for Macintosh (Rafferty et al. 1985) and JMP Start Statistics, version 3.15 (SAS Institute).
In addition, recordings were made of the number and vitality of S. invicta mounds in rights-of-way which were in contact with roadbeds (Յ1.0 m from the pavement). Typically, rights-of-way along highways were 10.0 m wide; therefore, mound numbers in roadbeds compared with numbers in the remainder of rights-of-way were expected to be in the ratio of 1:9. This hypothesis was tested using chi-square analyses. Data were tested for normality using KolmogorovÐ Smirnov one-sample test.
Bait cups, containing a protein bait (Vienna sausage, Armour, Dial Corporation, Phoenix, AZ), were placed at each site for 1 h. In each treatment area, cups were arrayed in three rows, each with 10 cups with 3.0 m between each cup. Rows were aligned linearly, endto-end, and with 10.0 m between each row. Bait transects overlapped 0.10-ha plots where mound numbers and vitality ratings were measured. Upon collection, bait cups were capped and stored in cool, insulated chests until ant specimens were counted and identiÞed in the laboratory. Specimens were identiÞed as either S. invicta or as other ant species. Data represented recruitment of ants to food sources and provided indices of relative abundance of ants. Mean numbers of S. invicta and non-S. invicta per cup, per site, and per transect were calculated. Within each transect, two-way ANOVA was used to compare ant numbers in rights-of-way with those of the adjacent pastures (critical P value ϭ 0.05). Data from all three transects (28 sites) were pooled, and differences among treatments were compared with two-way ANOVA (critical P value ϭ 0.05). Differences among transects were determined by one-way ANOVA and LSD.
Vegetation at each site was analyzed using the linetransect method for percent cover and was cataloged by physiognomic and structural descriptions (Kent and Coker 1992) . Percent cover was recorded to the nearest 5.0% in each of the following classiÞcations: bare ground, leaf litter, grass (vegetation 0.0 Ð 0.8 m in height), Þeld (vegetation 0.8 Ð2.0 m in height), scrub (vegetation 2.0 Ð 8.0 m in height), and canopy (vegetation Ͼ8.0 m in height). Line transects ran through the 0.10-ha plots. Six, 20.0-m vegetation transects were surveyed at each site; that is, three transects were in the right-of-way and three in adjacent pastures. Regression analyses were used to determine correlations between the numbers of S. invicta mounds and the above vegetational characteristics. CA-Cricket Graph III computer software was used in the regression analysis (Computer Associates 1992). SigniÞcance levels for data were determined following Snedecor and Cochran (1980) by calculating the t-value from the correlation coefÞcient and the degrees of freedom in the model. Air and soil surface temperatures were measured at each site. Survey work at each site took about two hours to complete. Voucher specimens of ants collected in bait cups are on deposit in the Imported Fire Ant Laboratory, Agricultural Sciences Building, Texas Tech University.
Results
The greatest mean number of S. invicta mounds (85.0 per 0.10 ha) was located west of Omaha, TX (northern east-west transect, site 2) in a pasture outside the highway right-of-way; whereas, the most mounds in a right-of-way was 74.3, north of Lindale, TX (north-south transect, site 4; Table 2 ). Between treatments, mean numbers of mounds were different at 12 sites along the three transects (28 total sites, StudentÕs t-test, df ϭ 4, critical P value Յ 0.05); however, greater mound numbers were equally divided between rights-of-way and adjacent sites. Mean vitality ratings of mounds in adjacent areas were greater than those in rights-of-way at six sites (Table 2 ; StudentÕs t-tests, df ϭ 4, critical P value Յ 0.05).
SigniÞcantly more mounds than expected were located on roadbeds compared with the remainders of rights-of-way in 17 of 28 sites (Table 3 ; chi-square tests, expected 1:9, df ϭ 1, P Յ 0.05) (Russell 1998 ). Mounds in roadbeds had signiÞcantly lower vitality ratings than those in the remainder of rights-of-way at Þve of 28 sites (StudentÕs t-tests, df ϭ 4, critical P value ϭ 0.05).
The north-south transect had signiÞcantly more mounds in rights-of-way than did the other transects (Table 4 ; one-way ANOVA, LSD; F ϭ 6.46; df ϭ 2, 81; P ϭ 0.0025). Within transects, signiÞcantly more mounds were found in adjacent pastures only in the northern east-west transect (two-way ANOVA; F ϭ 56.29; df ϭ 1, 28; P Ͻ 0.0001). When data from all 28 transect sites were pooled, no difference in mound numbers between treatments was detected (Table 4; two-way ANOVA, F ϭ 0.66; df ϭ 1, 162; P ϭ 0.4194).
Within each transect, roadbeds had more than the expected numbers of mounds compared with remainders of rights-of-way (Table 4 ; chi-square; P Յ 0.05). Analyses of pooled data from all 28 sites revealed signiÞcantly more mounds than expected in roadbeds ( 2 ϭ 527.1, P Ͻ 0.001; Table 4 ). However, the northsouth transect had signiÞcantly more mean numbers of mounds in roadbeds than did the other transects (one-way ANOVA, LSD; F ϭ 6.55; df ϭ 2, 81; P ϭ 0.0023). The north-south transect had signiÞcantly greater mean numbers of mounds in the remainder of rights-of-way than did the northern east-west transect (one-way ANOVA, LSD; F ϭ 5.35; df ϭ 2, 81; P ϭ 0.0066).
SigniÞcantly more mounds per hectare were detected along roadbeds than in adjacent areas along the north-south transect (Table 4 ; one-way ANOVA; F ϭ 4.77; df ϭ 1, 20; P ϭ 0.0410). The pooled (n ϭ 28) mean number of mounds per ha in adjacent pastures was 23.0 Ϯ 21.7; whereas, in roadbeds the mean was 55.9 Ϯ 64.9, and data were signiÞcantly different (two-way ANOVA; F ϭ 5.72; df ϭ 1, 50; P ϭ 0.0205). Simple linear regression was used to determine if S. invicta population density in roadbeds was predictive of S. invicta mound densities in the adjacent areas. The regression model was signiÞcant (F value ϭ 4.7; df ϭ 1, 26; P Ͼ F ϭ 0.04; slope ϭ 0.13; y-intercept ϭ 15.69); however, the coefÞcient of determination (r 2 ) was 0.15, indicating little of the variation in the adjacent area could be well explained by the changes in mound density in the roadbed.
Mean vitality ratings of adjacent mounds along the north-south transect were signiÞcantly greater than those of mounds in the rights-of-way (Table 5 ; twoway ANOVA; F ϭ 35.70; df ϭ 1, 44; P Ͻ 0.0001). Conversely, right-of-way mounds had greater vitality ratings along the northern east-west transect (twoway ANOVA; F ϭ 9.82; df ϭ 1, 28; P ϭ 0.0040). Ratings of right-of-way mounds along the northern east-west transect were signiÞcantly greater than those of mounds in the other transects (Table 5 ; one-way ANOVA, LSD; F ϭ 3.41; df ϭ 2, 81; P ϭ 0.0377). Pooled vitality ratings of mounds (28 sites) did not differ 4.7 Ϯ 1.5a 2.7 Ϯ 1.5a 18.1 Ϯ 3.0c 22.2 Ϯ 2.5c 6 9.0 Ϯ 2.7a 5.3 Ϯ 1.5a 20.5 Ϯ 0.8c 18.4 Ϯ 1.9c 7 11.3 Ϯ 9.5a 21.7 Ϯ 9.0a 14.3 Ϯ 0.6c 15.0 Ϯ 1.4c a Means within rows followed by the same letter are not signiÞ-cantly different (StudentÕs t test, df ϭ 4, critical P level ϭ 0.05).
b Mound vitality ratings after Lofgren and Williams (1982) . a Totals of three 0.10-ha grids. Numbers of mounds within rows followed by the same letter are not signiÞcantly different (chi-square tests of expected 1:9 ratio, df ϭ 1, critical P level ϭ 0.05).
b Roadbed, right-of-way Յ1.0 m from edge of pavement; remainder, remaining portion of right-of-way Ͼ1.0 m from edge of pavement.
c Vitality ratings from Lofgren and Williams (1982) . Mean vitality ratings within rows followed by the same letter are not signiÞcantly different (StudentÕs t-tests, P Ͼ 0.05, df ϭ 4).
between rights-of-way and adjacent areas (Table 5 ; two-way ANOVA; F ϭ 0.62; df ϭ 1, 164; P ϭ 0.4334).
Mean vitality ratings of mounds in roadbeds were signiÞcantly less (two-way ANOVA) than those in the remainders of rights-of-way along the north-south transect (F ϭ 15.32; df ϭ 1, 47; P ϭ 0.0003) and along the southern east-west transect (F ϭ 21.87; df ϭ 1, 40; P Ͻ 0.0001). Roadbed colony mounds along the northern east-west transect had greater vitality ratings than mounds along the southern east-west transect (oneway ANOVA, LSD; F ϭ 3.16; df ϭ 2, 81; P ϭ 0.0476). Analysis of pooled vitality ratings from all 28 sites detected signiÞcantly lower mound ratings in roadbeds as compared with remainders of rights-of-way (Table 5 ; two-way ANOVA; F ϭ 14.93; df ϭ 1, 162; P ϭ 0.0002).
Numbers of S. invicta in bait cups within each transect (two-way ANOVA; critical P value ϭ 0.05) and in pooled data (two-way ANOVA; F ϭ 0.57; df ϭ 1, 50; P ϭ 0.4530) did not differ signiÞcantly between treatments (Table 6 ). However, in the southern eastwest transect, cups in rights-of-way collected signiÞ-cantly fewer S. invicta per cup than were collected along the other two transects (one-way ANOVA, LSD; F ϭ 9.79; df ϭ 2, 25; P ϭ 0.0007). Similarly, fewer S. invicta were collected in adjacent sites along the southern east-west transect than along the other two transects (one-way ANOVA, LSD; F ϭ 5.48; df ϭ 2, 25; P ϭ 0.0106). Numbers of other ant species in bait cups did not differ within transects or among transects (Table 6) .
Mean mound population densities in rights-of-way and in adjacent pastures were not well correlated to vegetational height. CoefÞcients of determination (r 2 ) for vegetation Յ2.0 m in height (grass ϩ Þeld layers) were 0.02 and 0.07 for rights-of-way and adjacent areas, respectively. Numbers of S. invicta in bait cups in rights-of-way were poorly correlated to grass ϩ Þeld layers (r 2 ϭ 0.09) as were numbers in adjacent areas (r 2 ϭ 0.04). Mean air temperatures among transect sites during the May and early June data collection period ranged between 28.5 and 30.9ЊC, and mean soil surface temperatures ranged between 27.6 and 29.0ЊC.
Discussion
In the current study, S. invicta mounds along Texas highway rights-of-way were not more numerous than in adjacent pastures. Also, mound vitality ratings were not signiÞcantly different nor were the numbers of S. invicta collected in bait cups. Mound numbers and bait cup collections of S. invicta were not well correlated to vegetative cover.
However, mounds along roadbeds (Յ1.0 m from paved surfaces) were smaller and more numerous than expected along highway rights-of-way. In contrast, Porter et al. (1991) found no differences in mound numbers along edges (Յ2.6 m) of Texas roadways as compared with outer borders of rights-of-way.
Where S. invicta is well established, an equilibrium may exist between populations in rights-of-way and in (Vinson 1997) . Young queens may crawl to nearby roadbeds and Þnd shelter beneath rocks and highway litter. The relative warmth provided by roadbed thermal mass and moisture provided by water condensation and by rainwater running off pavement to roadside shoulders may furnish suitable habitats for founding queens. Small colonies that survive may Þnd adequate food resources by scavenging animal materials on roadbeds (dead insects and larger animals) and by foraging in nearby mowed rights-of-way. Highway roadbeds may provide favorable microhabitats for colony survival, as do brick walls and concrete structures in urban areas (Thorvilson et al. 1992) .
Roadbeds may act as barriers for S. invicta colonies relocating within rights-of-way. A colony may abut a roadbed, be prevented from moving across the pavement, and move along the roadbed. Occasionally, colonies may be ßooded from rights-of-way ditches during rain, may drift against roadbeds, and reestablish on drier ground. This reestablishment may account for the relatively higher numbers of S. invicta mounds on roadbeds. As noted by Buren (1972) and Tschinkel (1986 Tschinkel ( , 1988 , S. invicta is an opportunistic or early successional species dependent on ecological disturbance. Roadbeds may be a type of early successional habitat that contain more weedy plants and different soil types than the surrounding rights-of-way and adjacent areas.
Considering data contained herein, several recommendations can be made. Presence or absence of S. invicta populations may be determined by surveys along highway roadbeds, especially along the advancing front of S. invicta infestations, as in western and southern Texas. Maps available from the Texas Department of Agriculture can deÞne the infestation "frontiers" in Texas. In addition, bait cups placed along highway shoulders may be sensitive indicators of S. invicta foraging activity. Pest management activities along highway rights-of-way may best target vulnerable, small S. invicta colonies along roadbeds, and machinery designed to apply insecticides should especially target roadbed colonies.
